ABSTRACT: Proton nuclear magnetic resonance (NMR) spectroscopy was used to examine cerebrospinal fluid (CSF) from patients (n = 30) with actively progressive multiple sclerosis (MS). Metabolite concentrations obtained from the spectra were compared to those determined from the spectra of CSF from control patients (n = 27) with benign spinal disorders. No significant difference was found between the 2 groups for most constituents, including lactate, glutamine, citrate, creatine and creatinine, and glucose. Acetate levels were significantly higher in MS patients, while formate levels were significantly lower, than the controls. There were no significant differences in metabolite concentrations in CSF from early and longstanding MS patients. A peak due to an unidentified compound was found at 2.82 ppm in the spectra of CSF from patients with actively progressive MS, but not in the spectra of CSF from the controls. The peak was not found in spectra of CSF from patients with AIDS dementia complex (n = 9) or Parkinson's disease (n = 5), but it did appear in spectra of CSF from 1 patient with Jakob-Creutzfeldt disease (out of 3 examined) and from 1 patient (out of 7) with Guillan-Barre disease. The unidentified compound is volatile and, from the chemical shift of the observed NMR peak, is probably an N-methyl compound. As such, it may be an intermediate in the cholinoglycine cycle, in which an abnormality has been proposed to exist in MS patients. RESUME: Etude par resonance magnetique nucleaire du liquide cephalo-rachidien de patients atteints de sclerose en plaques. Nous avons utilise la spectroscopie par resonance magnetique nucleaire pour examiner le liquide cephalo-rachidien (LCR) de patients (n = 30) atteints de sclerose en plaques (SEP) en phase active. Les concentrations de certains metabolites, obtenues a partir du spectre, etaient comparees a celles obtenues du spectre du LCR de patients controles (n = 27) ayant des affections spinales benignes. II n'y avait pas de difference significative entre les deux groupes pour la plupart des metabolites, incluant le lactate, la glutamine, le citrate, la creatine et la creatinine, ainsi que le glucose. Les niveaux d'acetate etaient significativement plus eleves dans la SEP, alors que les niveaux de formate etaient significativement plus bas que ceux des controles. II n'y avait pas de difference significative dans les concentrations de metabolites dans le LCR des patients avec SEP au debut de la maladie par rapport a ceux qui etaient atteints depuis longtemps. Un pic du a un compose non identifie a ete observe a 2.82 ppm dans le spectre du LCR des patients en phase active de la SEP. Ce pic n'etait pas present dans le spectre du LCR des controles ou dans celui du LCR de patients atteints du complexe SIDA-demence (n = 9) ou de la maladie de Parkinson (n = 5). Cependant il etait present dans le spectre du LCR d'un patient atteint de la maladie de Jakob-Creutzfeldt (sur 3 patients examines) et d'un patient atteint du syndrome de Guillain-Barre (sur 7 patients examines). Le compose non identifie est volatile et, d'apres le deplacement chimique du pic observe au NMR, est probablement un compose N-methyle. II est done possible que ce soit un intermediaire dans le cycle choline-glycine, ou on a deja propose qu'il existe une anomalie chez les patients atteints de la SEP.
Mutiple sclerosis (MS) is a demyelinating disease characterized by relative sparing of the axon. 13 While the initiating feature of the demyelination process remains to be proven, the histopathology of the MS plaque has been well characterized. Biochemical changes accompanying MS include loss of myelinassociated protein and lipid, in association with increased levels of proteolytic and lipolytic enzymes. 4 -5 Extracellular water content increases, and cholesterol esters form. Very little, however, is known about the intermediary metabolism involved in this process, particularly the role of the tricarboxylic acid cyclecoupled amino acid pool. The significance of observed raised levels of N-mefhylamines 6 in the cerebrospinal fluid (CSF) of MS patients has yet to be explored.
Nuclear magnetic resonance (NMR) spectroscopy is a rapid and inexpensive technique which permits the study of many metabolites simultaneously and without prior knowledge of From the Departments of Surgery (Neurosurgery) (J.L., G.R.S.); Pharmacology and Therapeutics (J.P., G.R.S.); Radiology (J.P.); and Medicine (Neurology) (A.A.); The University of Manitoba, Winnipeg Received July 31, 1992. Accepted in final form April 16, 1993 Reprint requests to: Garnette Sutherland, M.D., Foothills Hospital, Division of Neurosurgery, 1403 -29 Street N.W., Calgary, Albena Canada T2N 2Y9 LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES their presence. 78 Proton NMR studies have quantified the levels of several amino acids and biochemical intermediates in human CSF, and have shown alterations in their levels in disease states such as diabetes and liver failure. 910 It is reasonable to surmise that the biochemical changes occurring at the MS plaque may be reflected in the composition of the CSF of these patients. At the present time, no laboratory test can be considered diagnostic of MS. Despite the usefulness of electrophysiologic testing, CSF examination, and magnetic resonance imaging (MRI) in supporting the diagnosis, none are specific for the disease. Definitive diagnosis remains a clinical one," 1 2 requiring evidence of dissemination of lesions in both time and space. In this study, 'H NMR spectroscopy was used to compare CSF from MS patients with CSF from aged-matched controls and from patients with other neuro-degenerative diseases.
METHODS
The study involved 21 clinically definite and 9 probable 13 patients, consisting of 19 females and 11 males, with actively progressive MS. The mean age was 41.9 years (range, 22-62 years). The patients were classified into 2 groups based on the duration of illness, an approximate indicator of disease load. Those patients with a duration of illness less than or equal to 2 years were considered "early" (n = 16), while those with a duration greater than 2 years were classified as "longstanding" (n = 14). The control group was chosen from patients undergoing myelography for benign spinal disorders. It included 17 males and 10 females (n = 27), and the mean age was 45 years (range, 25-64 years). Subjects with coexisting CNS disorders or uncertain diagnoses were excluded as controls. CSF was also obtained from 7 patients with Guillan-Barre disease, 3 patients with Jakob-Creutzfeldt disease, 9 patients with AIDS dementia complex and 5 patients with Parkinson's disease. Patients gave informed consent for the use of their CSF as well as to the examination of clinical, radiological, and biochemical information. An extensive clinical evaluation was made of each MS patient.
CSF samples were obtained via lumbar puncture. For the MS patients and the controls, the results of routine analysis, including glucose and protein concentrations, electrophoresis, cell count and differential, and IgG/albumin ratio, were obtained. A portion of each CSF sample was stored at 4°C until NMR analysis, at which time 0.5 ml CSF were added to 0.1 ml of 0.75 mM sodium 3-trimethyl-silylpropionate-2,2,3,3-d 4 (TSP), chemical shift reference (0.0 ppm), in D 2 0. For all samples, the pH was adjusted to 7.25 ±0.10.
A Bruker AM300 spectrometer, operating at 300 MHz and a temperature of 300 Kelvin, was used, locked to the D 2 0 deuterium resonance. One hundred and twenty-eight free induction decays were accumulated into 16K of memory with a spectral width of 3788 Hz. Every accumulation was preceded by irradiation for 8 seconds at the water proton frequency. An exponential line broadening of 0.3 Hz was applied, followed by Fourier transformation to give the spectrum. Metabolite concentrations in the CSF from the patients with actively progressing MS and from the control patients were determined by integration of isolated peaks measured relative to TSP, correcting for the relative numbers of protons. Metabolite concentrations in the CSF from patients with Guillan-Barr6 disease, Jakob-Creutzfeldt disease, Parkinson's disease and AIDS dementia complex were not quantitated.
Metabolite levels were compared between the control and actively progressing MS groups, and between the early and longstanding MS groups, using an unpaired two-sided T-test, following Bartlett's homogeneity of variance test.
RESULTS
Each patient with actively progressive MS involved in the study underwent neurologic examination at the time of lumbar puncture ( Table 1) . None of the patients had normal evaluations. All of the early and 79% of the longstanding MS patients had sensory impairment. The next most prevalent sign was paresis, present in 75% of the early and 64% of the longstanding patients. Positive Babinski sign, spasticity, and cerebellar dysfunction were more common in the chronic than in the acute group. The most common symptoms were those relating to sensory disturbance and motor weakness, followed in order by fatigue, urinary difficulties, pain, and visual disturbance.
All but one of the 30 MS patients with actively progressive disease had immunoglobulin (Ig) and oligoclonal banding studies performed on CSF samples drawn concurrently with the study sample ( Table 2 ). Of the clinically definite patients, 16 of 20 (80%) had positive results. Of the probable MS patients, only 3 of 9 (33%) had positive findings on this test. Eleven of the clinically definite group and four of the probable group had had MRI during the workup of their illness. One of the former and all four of the latter cases had normal scans.
The 'H NMR spectra were similar to previously published spectra of human CSF 910 ( Figure 1) . Lactate, alanine, acetate, glutamine, citrate, creatine and creatinine, and glucose were 
acetate (ACE), acetone (ACN), pyruvate (PYR), gluiamine (GLN), citrate (CIT), creatine and creatinine (CRE), and glucose (GLU). Also shown is the singlet peak for the unidentitfied N-methyl constituent at 2.82 ppm.
consistently found in the spectra of CSF from both control individuals and MS patients. Several metabolites, including 6-hydrox/ybutyrate, valine, formate, and pyruvate were not always present in detectable quantities in the CSF from either group. Table 3 gives normal values for the concentration of each metabolite (except formate) in CSF as reported in the literature.
14 ' 16 For control patients the levels detected by the method used in this study f §ll within normal ranges for all compounds considered. Table 3 alsg shows that there were no significant differences between the levels of most rngtabpjites in the control and actively progressing MS groups. Acetate, however, was significantly higher in patients with MS compared to controls, while formate was significantly lower. The metabolites not shown in the table were present in concentrations too low for accurate quantitation. In addition, the spectra from CSF of 2 patients with longstanding and 1 with early MS were of poor quality, precluding quanitative analysis of metabolites. Table 4 shows that MS patients with longstanding disease had no significant differences in CSF metabolite levels from those of patients with a short duration of illness.
When examined qualitatively, all but two of the spectra of CSF from the patients with actively progressing MS were found to have a singlet peak at 2.82 ppm which was not present in spectra of CSF from any of the control subjects (see Figure 1) . The presence of the peak could not be confirmed for the three spectra of poor quality due to poor signal-to-noise ratio. The identity of the compound responsible for the singlet is unknown. The chemical shift indicates that it is likely an N-methyl metabolite. When a 2,0 ml aliquot of each sample was frozen and lyophilized, in order to allow elimination of the water peak from the -H NMR spectrum, the peak was not seen in spectra of the reconstituted sample. This suggests that the unknown constituent is a volatile substance. As Table 4 shows, there was not a significant difference between the amount of this constituent in the CSF of early and longstanding MS patients.
Four spectra, all from early MS patients, revealed the presence of another singlet peak, at 2.74 ppm. This has been assigned to the methyl protons of sarcosine (N-methyl-glycine). Sarcosine was also found in the CSF of 4 of the patients with Guillan-Barre disease, and the peak at 2.82 ppm was observed •Significant difference between MS and control patients. mM concentrations could not be calcualted for unknown coupound. Values reported are the mean ± standard error of relative areas under the peak compared to the TSP standard.
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in the spectra of CSF from I patient with Guillan-Barfe disease and from 1 patient with Jakob-Creutzfeldt disease.
DISCUSSION
Extensive research has focused on the changes occurring in the lipid and protein composition of the MS plaque, and on the appearance of these constituents in the CSF. 17 " 19 Very few attempts have been made to assess the roles of small intermediate compounds and amino acids in the plaque.
Qureshi and Baig 20 showed that there are differences in the concentrations of several amino acids in the CSF of MS patients compared to controls. Most of these compounds are present in quantities too small to be quantitated by NMR spectroscopy, with the exception of glutamine. The present study does not confirm their finding of raised glutamine levels in the CSF of patients with MS.
Several investigators have observed a decreased amount of N-acetyl-aspartate (NAA) in the MS plaque. 21 This compound serves as an active acetyl donor in the synthesis of brain lipids, thus participating in the myelination process. 22 - 23 NAA was not found in the CSF of normal subjects, nor was it detected in CSF from patients with MS in this study.
The presence of elevated levels of N-methylamines and formaldehyde was recently observed in the CSF of patients with MS, 6 supporting the hypothesis that there is an abnormality in the cholino-glycine cycle in these people. In the conversion of choline to glycine, a number of intermediate methylated products are formed, and formaldehyde is released. It has been suggested that the methyl groups are utilized in the formation of phospholipids, a major component of myelin. 6 A block in this pathway could result in the accumulation of N-methyl intermediates, interference with myelin synthesis, and the prevention of formaldehyde release. The finding of an unknown N-methyl metabolite in the CSF of MS patients in the current study supports this hypothesis. Furthermore, sarcosine, a compound observed in the spectra of CSF from 4 of 30 patients with actively progressive MS, is one of the intermediates of the cholino-glycine pathway. It is feasible that low formate levels in the CSF of MS subjects is related to the disorder of formaldehyde metabolism which could result from a block in this pathway. The results therefore provide suggestive evidence for an abnormality in the cholino-glycine pathway in patients with MS.
Clearly, long term prospective studies are necessary to investigate the potential role of these observations as a test in the diagnosis of MS. In this study the 'H NMR peak at 2.82 ppm was a sensitive indicator of actively progressive MS, appearing in 25 out of 27 analyzable spectra of CSF samples from such patients. This included the positive identification of 2 patients diagnosed as probable MS patients on clinical grounds, both of whom had no abnormality detected on either conventional CSF examination or MR imaging. Another 3 samples from MS patients could not be analyzed. The appearance of the spectral peak was also highly specific to actively progressive MS, not being detected in any of the 27 control spectra and appearing in only 2 out of 27 spectra from patients with AIDS dementia complex, Parkinson's disease, Guillan-Barre disease or JakobCreutzfeldt disease. The absence of such a peak in one patient with clinically definite MS and another with probable MS suggests that the sensitivity of the NMR method is a function of disease load and may not therefore be present in the CSF of patients with early MS or in patients in whom MS is in remission.
In conclusion, 'H NMR spectroscopy reveals that an unknown N-methyl compound is present in the CSF of MS patients. This metabolite may form the basis for a new diagnostic test for MS. Once the unknown metabolite is identified, it may provide important information about the biochemical changes involved in the demyelination process occurring in multiple sclerosis.
